Objectives: To test the impact of body build factors on the validity of impedance-based body composition predictions across (ethnic) population groups and to study the suitability of segmental impedance measurements. Design: Cross-sectional observational study. Settings: Ministry of Health and School of Physical Education, Nanyang Technological University, Singapore. Subjects: A total of 291 female and male Chinese, Malays and Indian Singaporeans, aged 18 -69, body mass index (BMI) 16.0 -40.2 kg= m 2 . Methods: Anthropometric parameters were measured in addition to impedance (100 kHz) of the total body, arms and legs. Impedance indexes were calculated as height 2 =impedance. Arm length (span) and leg length (sitting height), wrist and knee width were measured from which body build indices were calculated. Total body water (TBW) was measured using deuterium oxide dilution. Extra cellular water (ECW) was measured using bromide dilution. Body fat percentage was determined using a chemical four-compartment model. Results: The bias of TBW predicted from total body impedance index (bias: measured minus predicted TBW) was different among the three ethnic groups, TBW being significantly underestimated in Indians compared to Chinese and Malays. This bias was found to be dependent on body water distribution (ECW=TBW) and parameters of body build, mainly relative (to height) arm length. After correcting for differences in body water distribution and body build parameters the differences in bias across the ethnic groups disappeared. The impedance index using total body impedance was better correlated with TBW than the impedance index of arm or leg impedance, even after corrections for body build parameters. Conclusions: The study shows that ethnic-specific bias of impedance-based prediction formulas for body composition is due mainly to differences in body build among the ethnic groups. This means that the use of 'general' prediction equations across different (ethnic) population groups without prior testing of their validity should be avoided. Total body impedance has higher predictive value than segmental impedance.
Introduction
Information on body composition of population groups or patients is important and body composition assessment is becoming a standard measurement in many clinical and nutrition-related studies. Various aspects of body composition can be measured (Forbes, 1987) , but the most widespread interest is in percentage body fat. This is due largely to the growing concern about the increasing prevalence of obesity worldwide (WHO, 1998) . In clinical situations the assessment of body water and its distribution over the tissues is of interest as many disorders are accompanied by a disturbed water homoeostasis (Moore et al, 1963; Deurenberg, 1992) .
For an accurate determination of body composition various techniques can be used, eg densitometry by underwater weighing (Behnke et al, 1942) or air displacement (Dempster & Aitkens, 1995) , isotope (eg deuterium oxide) dilution or dual energy X-ray absorptiometry (Pietrobelli et al, 1996) . The disadvantage of these techniques is that they are expensive, not widely available and not always easily accepted by the subject to be measured (Lukaski, 1987) . For individual use as well as for large-scale studies there is a need for simple, yet valid and reliable methods. Bioelectrical impedance and skinfold thickness measurements are suitable techniques (Jebb & Elia, 1993) . These methods rely on prediction equations, developed in a population in which the technique was validated against a reference method, often densitometry, deuterium oxide dilution or dual energy X-ray absorptiometry (Deurenberg, 1992; Jebb & Elia, 1993) .
Bioelectrical impedance measures the conductance of a small alternating current through the body. As water with its dissolved electrolytes is responsible for the conductance of the current, bioelectrical impedance enables assessment of total body water (Kushner, 1992) . Assuming a constant hydration of the fat-free mass, it also allows the estimation of the fat-free mass and hence of body fat percentage .
Prediction equations for body composition have the tendency to be population-specific (Deurenberg, 1992) . For this 'population specificity' many factors can be responsible. Factors known to have an impact on the prediction of total body water from bioelectrical impedance are sex, age and body water distribution (Deurenberg, 1992) . The latter confounding factor is due to a different specific resistivity of extracellular and intracellular water (Deurenberg et al, 1989) . Body impedance is also affected by body build. It has been shown in various studies that the contribution of the limbs (ie legs and arms) to total body impedance is disproportional to the amount of body water in these body segments (Fuller & Elia, 1989; Baumgartner et al, 1989) .
Population groups, for example ethnic groups, can differ in body build. It is known for example that Chinese and Malays have relative short legs and short arms compared to their body height (Eveleth & Tanner, 1976) . On the other hand Indians and Australian Aboriginals have relatively long legs (Norgan, 1995) . Theoretically, the relationship between (total) body impedance and total body water should differ among these ethnic groups, a difference originating from their different body build.
The aim of the current study was to test the hypothesis that the validity of impedance across population groups depends on body build. For this a study was conducted among Chinese, Malays and Indian Singaporeans in which (segmental) bioelectrical impedance was measured and related to total body water as determined by deuterium oxide dilution. In addition the predictive value of segmental impedance was evaluated, also in relation to limb lengths.
Subjects and methods
In total 298 Singaporean Chinese, Malays and Indians, aged 18 -69 y participated in the study. Valid measurements were obtained from 291 subjects. Subjects were selected from a bigger sample that took part in a National Nutrition Survey. Selection criteria were a wide range in body mass index (BMI, weigh=height squared, kg=m 2 ) over the adult age range with about equal numbers among the three ethnic groups and the two gender groups. Subjects fasted from food and drinks at least 6 h and voided preceding the measurements. Trained observers performed all measurements. The National Medical Research Council in Singapore approved the study protocol and all subjects gave their written informed consent.
Body weight was measured to the nearest 0.1 kg in light indoor clothing using a digital scale. A correction of 0.5 kg for clothing was made. Body height was measured with the Frankfurt plane horizontally, using a wall-mounted stadiometer to the nearest 0.1 cm. From weight and height, BMI (kg=m 2 ) was calculated. Sitting height was measured, accurately to 0.1 cm, using a wall-mounted stadiometer, while sitting on a hard-boarded stool, with the Frankfurt plane horizontally. The height of the stool was subtracted from the measurement. Leg length was calculated as height minus sitting height. Relative leg length was calculated as leg length divided by height (cm=cm). Arm span was measured to the nearest 0.5 cm, from middle finger tip to middle finger tip, using a wall mounted grid card, with the subjects standing erect against the wall and arms spread horizontally. Relative arm span was calculated as span= height (cm=cm).
Wrist width was measured with an anthropometric caliper at the left and the right side over the distal ends of the radius and the ulna to the nearest 0.1 cm. Knee width was measured to the nearest 0.1 cm at the left and the right side in the sitting position, lower legs relaxed, with the knee flexed at a 90 angle, over the femur condylus. The mean of left and right width measurements was used in the statistical analyses. From body height, wrist width and knee width the slenderness index was calculated as height divided by sum of wrist and knee width (cm=cm). A higher value of this index indicates a more slender body build.
Bioelectrical impedance was measured using a Human-IM DIP total impedance analyser (Dietosystem, Milan, Italy). The instrument allows simultaneous measurement of total body impedance, leg impedance, arm impedance and trunk impedance. For this, the subjects lay supine and the two source electrodes were attached on the dorsal surfaces of the left foot and the left hand. The four sensor electrodes were attached on the left and right ankle (midway between the medial and lateral malleoli) and the left and right wrist (midway between the distal prominences of the radius and Validity of segmental impedance measurements P Deurenberg et al the ulna). Available software calculated from the measurements impedance values of total body, legs, arms and trunk at various frequencies. In this paper only the values at 100 kHz are presented. From impedance values the impedance index was calculated as height 2 =impedance (cm 2 =O). As a reference method for body fat measurements, a chemical four-compartment model was used (Baumgartner et al, 1991) . For this body density, bone mineral content (BMC) and total body water (TBW) had to be determined. The methodology is described in detail elsewhere (Deurenberg-Yap et al, 2000) Body density was derived from air displacement plethysmography (BODPOD 1 , Body Composition System, Life Measurement Instruments, Concord, CA, USA). BMC was measured using a Hologic whole body dual-energy X-ray absorptiometer (QDR-4500, Hologic, Waltham, MA, USA; software version V8.23a:5). TBW was determined using deuterium oxide dilution (Forbes, 1987) . For this, the subject took an accurately weighed dose, varying from 10 -15 g deuterium oxide orally and after 2.5 -3 h dilution time a venous blood sample of 10 ml was drawn. Plasma was separated and stored at 7 20 C until analyses. Deuterium was determined by infrared spectroscopy (Lukaski & Johnson, 1985) after sublimation of the plasma. TBW (kg) was calculated using a 0.95 correction factor for non-aqueous dilution of deuterium (Forbes, 1987) . Extra-cellular water (ECW) was determined using sodium bromide dilution (Forbes, 1987) . For this an accurately weighed dose of 900 mg bromide (as sodium bromide) was ingested, together with the deuterium oxide. Bromide was determined in the collected plasma after a 1:200 dilution, using ICPMS against a bromide standard provided by Merck Chemicals (Almere, The Netherlands). ECW was calculated from the given dose and the plasma bromide concentration after correction for a 10% non-extracellular dilution, a correction of 5% for the Donnan effect and a correction of 5% for the concentration of water in plasma (Forbes, 1987) .
Statistical analyses were performed using SPSS Version 10.0.0. (SPSS, 1999) . Differences in parameters between the races and between males and females were tested using ANOVA with Bonferroni post-hoc analyses. Regression analysis was used to predict TBW from impedance index. No other parameters were included in the regression analyses as to test the validity of impedance index alone. One-sample t-test was used to test the bias (measured minus predicted TBW) for significance from zero. Pearson's correlations and partial correlation analyses were used to study the dependency of the bias on other parameters. Analysis of co-variance (ANCOVA) was used to correct for found confounding variables. Results are expressed as mean AE s.d. unless otherwise indicated. Significance is set at P < 0.05. Table 1 shows the characteristics of the 291 subjects from which valid impedance measurements were obtained. The normally observed differences in parameters were observed between females and males, females having lower body height, body weight, TBW and ECW, but a higher ECW=TBW ratio. When comparing Chinese, Malays and Indians, Chinese had the lowest weight, lowest BMI and lowest body fat percentage. Table 2 shows some parameters of body build. Females had relatively shorter arms (P < 0.001), shorter legs (P < 0.001) than males and had a higher slenderness index (P < 0.001) than males. Generally, Chinese and Malays had shorter limbs compared to Indians, also expressed in relation to body height. Chinese and Indians had comparable slenderness, whereas Malays tended to have the most slender body build. The relatively long legs of the Indians resulted in higher leg impedance values. Their relatively long arms, however, did not result in higher arm impedance values.
Results
In females arm span was not correlated with arm impedance (r ¼ 0.07, NS) or with total body impedance (r ¼ 0.04, Validity of segmental impedance measurements P Deurenberg et al NS). In males the correlation was weak but significant with arm impedance (r ¼ 0.21, P < 0.01) and with total body impedance (r ¼ 0.18, P < 0.05). Leg length was significantly correlated with leg impedance (r ¼ 0.17, P < 0.05 and r ¼ 0.29, P < 0.01 in females and males, respectively) and with total body impedance (r ¼ 0.22, P < 0.01 and r ¼ 0.26, P < 0.01 in females and males, respectively). After correction for height the correlation coefficients increased slightly (results not shown). TBW was predicted using the impedance index (height 2 =Z total body ) for the three ethnic groups combined but separately for each sex. The prediction equation for TBW for females was 0.545*H 2 =Z 100 þ 4.3 (s.e.e. ¼ 1.8 kg, coefficient of variation ¼ 3.8%; r 2 ¼ 0.81; P < 0.01) and the prediction equation for TBW for males was 0.549*H 2 =Z 100 þ 4.5 (s.e.e. ¼ 2.3 kg, coefficient of variation ¼ 2.8%; r 2 ¼ 0.77; P < 0.01).
In females the bias (measured TWB minus predicted TWB) was correlated with ECW=TBW (r ¼ 70.31, P < 0.01) and relative arm length (r ¼ 0.40, P < 0.01) but not with relative leg length and slenderness. In males the bias was significantly correlated with ECW=TBW (r ¼ 70.29, P < 0.01) and with relative arm length (r ¼ 0.29, P < 0.01) and borderline correlated with relative leg length (r ¼ 0.16, P ¼ 0.06). There was no correlation with slenderness. Partial correlation analyses showed that the correlation of the bias with ECW=TBW and relative arm length was independent of each other. Table 3 shows the bias in the three ethnic groups before and after correction for various confounding variables. In females 4.2% of the variation in bias between the ethnic groups could be explained by body water distribution and 9.0% by body build, mainly relative arm length. In males 11.6% of the variation in bias between the ethnic groups was accounted for by differences in water distribution and 10.5% by differences in body build, again mainly relative arm length. Table 4 shows the partial correlation coefficients of TBW with impedance indexes of arm, leg and total body impedance, before and after correcting for relative limb length. As can be seen the correlation is always highest for impedance index of total body impedance, directly followed by arm impedance index. The lowest correlation, also after correction for relative limb length, is with leg impedance. Consequently, the prediction error of TBW from total body TBW, total body water; ECW, extracellular water; relative span, span divided by height. *P < 0.05 from zero. Different letters in a row (per gender) indicate significant (P < 0.05) differences among ethnic groups.
Validity of segmental impedance measurements P Deurenberg et al impedance was lower than that from arm impedance, which in turn was lower than from leg impedance (s.e.e. values were respectively 2.0, 2.3 and 2.8 kg for males and females combined). As the biases from predicted TBW using total impedance, arm impedance and leg impedance were highly correlated, combination of these predictive variables did not increase the predictive power (data not shown).
Discussion
Valid impedance measurements were obtained from 291 subjects. In five subjects the readings were very high, perhaps because of incorrect attachment of the electrodes to the skin. In two subjects no impedance measurements could be performed because of eczematous and infected skin. The characteristics of the subjects of different ethnic origin reflect the findings of the National Health Survey in Singapore in 1998 (Ministry of Health, 1999) , with generally the Malays and Indians having a higher BMI and a higher body fat percentage than the Chinese. Notable is also the significant lower amount of ECW (compared to TBW) in Indian females. The current data provide no explanation for this observation. Table 2 shows that there are clear differences in body build among the ethnic groups, with Indians having longer legs and longer arms compared to Chinese and Malays. This longer limb length remains also after correction for differences in body height. Malays tend to have a more slender body build than Chinese and Indians.
Differences in limb lengths and body build between (ethnic) population groups are well known (Eveleth & Tanner, 1976) and are important for correct interpretation of anthropometric data. For example, in Australian Aboriginals their relative long legs explain their low BMI (Norgan, 1994) . Other studies report the impact of relative leg length on the relationship between BMI and body fat percentage Guricci et al, 1999a) an impact that was also found in the Singapore situation (Deurenberg-Yap et al, 2000) . Also, within populations relative leg length has an impact on the BMI=BF% relationship (Snijder et al, 1999) .
The same holds for slenderness as more slender subjects are likely to have less bone mass, less connective tissue and less muscle mass for the same height, resulting in higher BF% at the same BMI than a more stocky build person Snijder et al, 1999) .
Difference in (relative) limb length are likely to have an impact on total body impedance, as total body impedance is strongly influenced by limb length (Fuller & Elia, 1989; Baumgartner et al, 1989) . This is also obvious from the segmental impedance values as can be seen in Table 2 : the longer leg length in the Indians is matched by higher leg impedance. The fact that this relationship is not found between the arm length and the arm impedance can be explained by the fact that (arm) impedance is not only influenced by the length of the conductor, but also by its diameter. The longer arm in the Indians could also have a wider diameter.
The aim of the study was to investigate whether body build parameters, more specifically arm length and leg length, have an impact on the validity of impedance measurements across ethnic groups. For this, TBW was predicted from the impedance index using total body impedance values. The regression analysis was performed separately for each sex and no other parameters were allowed in the prediction equation. The found prediction error (s.e.e.) in females (1.8 kg) and males (2.3 kg) is comparable with prediction errors for TBW from total body impedance as reported in the literature (Kushner & Schoeller, 1986; Deurenberg et al, 1995) . Table 3 shows that the bias of the prediction (bias ¼ measured minus predicted TBW) is clearly different across the ethnic groups. In both sexes the prediction overestimates in Chinese and Malays and underestimates in Indians. The bias was correlated with body water distribution, a phenomenon known from the literature. It can be explained by the fact that the current does not completely penetrate the cell membrane and that extracellular water has a lower specific resistivity compared to intracellular water (Deurenberg et al, 1989; Guricci et al, 1999b) . The bias was also correlated with relative arm length and in males also borderline with relative leg length. Surprisingly the bias was not related to slenderness (height=sum of wrist and knee widths). One could argue that a more slender build would result in relatively higher impedance values, hence a positive bias. A possible reason could be that the effect of height is already accounted for in the impedance index as used in the prediction formula.
As there were slight differences in body water distribution across the ethnic groups (by gender group) and there were differences in limb length across the ethnic groups, the bias was controlled for these factors using analysis of covariance. Table 3 shows that the differences in bias across the ethnic groups disappeared after correction for differences in body water distribution and differences in relative arm length (span). Relative arm length had a bigger contribution than relative leg length, this contribution was in fact no longer significant after correcting for relative arm length. This Validity of segmental impedance measurements P Deurenberg et al seems contradictive to the found significant correlation between leg length and leg impedance in contrast to arm length and arm impedance. However, the partial correlation between bias and relative arm length is higher than the partial correlation between bias and relative leg length. Moreover, after controlling for relative leg length and water distribution the partial correlation between bias and relative arm length remained significant, whereas after controlling for water distribution and relative arm length the partial correlation between bias and relative leg length was not significant anymore. It is possible that the relatively high contribution of arm impedance to total impedance (see Table  2 ) is responsible for this. It may also be that the betweensubjects variation in arm muscles is higher than in leg muscle, thus arm muscle and hence arm impedance being more discriminating among subjects. These results indicate that the validity of impedance formulas for cross-population use depend on characteristics of body build in the populations. The use of 'general' prediction formula across populations without prior validation of the formula is therefore likely to result in biased results. It was shown in an earlier study that the use of a Dutch prediction equation for TBW prediction (Guricci et al, 1999b) resulted in gross overestimations in Indonesians. Also within an ethnic 'homogenous' population, the bias in predictive body composition has been reported to depend on body build factors (Snijder et al, 1999) .
The results also indicate that although segmental impedance measurements can be used for prediction of total body composition, their use may be less accurate compared to total body impedance. Table 4 shows that the correlation between TBW and total body impedance indexes resulted always in higher correlations, hence better predictive values compared to arm impedance index and leg impedance index. In this study also a hand held impedance analyser was used which had a predictive error (s.e.e.) of 4.5% (Deurenberg & Deurenberg-Yap, 2001) , which is indeed slightly higher than the predictive error for BF% using total body impedance index would be (s.e.e. ¼ 3.9%, result not shown). In practical terms this means that although body composition assessments based on segmental impedance measurements may have their value in terms of ease of use, the 'classical' impedance method is likely to result in better estimates. This can also be concluded from a comparative study where the classical impedance methodology was compared with body composition assessments obtained using a foot-to-foot impedance analyser (Jebb et al, 2000) .
Conclusions
The current study revealed that bioelectrical impedance analysis has different validity in Chinese, Malays and Indian Singaporeans. Differences in bias among the ethnic groups disappeared after correction for differences in body build. Total body impedance is a better single predictor than arm impedance or leg impedance.
